Abstract: Snake venoms comprise a highly complex mixture of proteins, which requires for their characterization the use of versatile two-dimensional electrophoresis techniques. In the present study, venoms obtained from eight snakes (Ophiophagus hannah, Naja kaouthia, Naja sumatrana, Bungarus fasciatus, Trimeresurus sumatranus, Tropidolaemus wagleri, Enhydrina schistosa and Calloselasma rhodostoma) commonly found in Malaysia were separated based on two independent properties, isoelectric point (pI) and molecular weight (MW). Many differences in snake venoms at the inter-family, inter-subfamily, inter-genus and inter-species levels were revealed. Notably, proteins from individuals of the Viperidae family -Trimeresurus sumatranus, Tropidolaemus wagleri and Calloselasma rhodostoma -were found to be numerous and scattered by the two-dimensional gel electrophoresis (2DE) specifically in regions between 37 and 100 kDa compared to the Elapidae venom proteins. The latter were clustered at the basic and lower molecular mass region (less than 20 kDa). Trains of spots were commonly observed, indicating that these proteins may be derived from post-translational modifications. Ophiophagus hannah (Elapidae) revealed a great amount of protein spots in the higher molecular mass range when compared to Enhydrina schistosa, Naja kaouthia, Naja sumatrana and Bungarus fasciatus. Overall 2DE showed large differences in the venom profile of each species, which might be employed as an ancillary tool to the identification of venomous snake species.
INTRODUCTION
Snake venoms comprise a source of millions of peptides and proteins that can act on a myriad of exogenous targets such as ion channels, receptors and enzymes within cells or on the cell membrane (1) . Two-dimensional gel electrophoresis (2DE) is able of separating highly complex protein mixtures onto a single gel, enabling a more complete study of natural venoms. The versatility of this proteomics tool has been demonstrated in diverse applications ranging from uncovering information of novel proteins to identifying the minute differences of very closely related organisms. Recently, we have demonstrated its use in locating a-bungarotoxin in 2DE gel of Bungarus multicinctus venom (2) . We have also utilized 2DE in the study of a plant extract capable of showing in vitro neutralizing capacity by binding to the phospholipase A2 protein from Naja kaouthia venom (3).
In the current study, we are interested in developing an approach to distinguish Malaysian snake species based on 2DE proteomic profile of their venoms. Up to our knowledge, this is the first study that assesses the use of two-dimensional (2D) profiling approach as a taxonomic tool for eight Malaysian snakes from the Viperidae and Elapidae families. Traditionally, the taxonomy of snakes is largely based on morphological traits. It has evolved over the years with the advent of new methods such as protein electrophoretic analyses, DNA sequence analysis, amino acid sequence analysis, and toxin mass fingerprinting (4-10).
MATERIALS AND METHODS

Venoms
Venoms were extracted from eight species of Malaysian venomous snakes, namely: Ophiophagus hannah, Naja kaouthia, Naja sumatrana, Bungarus fasciatus, Trimeresurus sumatranus, Tropidolaemus wagleri, Enhydrina schistosa and Calloselasma rhodostoma. The venoms were collected from a pool of 50 to 100 adult donor snakes in a universal sterile container, lyophilized and stored at -20°C.
SDS-PAGE
Freeze dried O. hannah venom (10 µL; 2.5 mg per milliliter of Tris-glycine buffer, pH 8.3, containing 0.01% SDS) and molecular weight markers (Precision Plus Protein® Standards, BioRad, USA) were subjected to 15% SDS-Trisglycine electrophoresis according to a modified technique of Laemmli (11) . Proteins were stained with PlusOne Coomassie Blue PhastGel R-350® (Bio-Sciences AB, Sweden).
Protein Assay
The amount of protein was estimated using the dye-binding technique of Bradford (12) with bovine serum albumin (BSA) at a concentration of 2.0 mg/mL as standard.
Two-Dimensional Gel Electrophoresis (2DE)
A 13-cm IPG strip with a linear range of pH from 3 to 10 was rehydrated overnight with 200 μL of rehydration solution. Separately, the venomous proteins were dissolved in 100 μL of rehydration solution containing 8 M urea, 2% CHAPS (w/v), 20 mM DTT (dithiothreitol), 0.5% IPG buffer (v/v), and 0.002% bromophenol blue (w/v). Then, the protein samples were applied to the IPG strip. Electrofocusing was carried out at 30 kVh using an IPGphor at 20°C according to the manufacturer's instruction. Before the second dimension, the IPG strip was equilibrated by two steps: reduction buffer with 50 mM Tris/HCl, pH 8.8, 6 M urea, 30% glycerol (v/v), 2% SDS (w/v), bromophenol blue and 1% DTT(w/v) for ten minutes under agitation; alkylation buffer with 50 mM Tris/HCl, pH 8.8, 6 M urea, 30% glycerol (v/v), 2% SDS (w/v), bromophenol blue and 2.5% iodoacetamide (w/v) for ten additional minutes. The equilibrated strip was loaded and run on 15% polyacrylamide Laemmli gels (m/v) (18 x 16 cm) using the SE 600 Ruby® system (Bio-Sciences AB, Sweden) with a programmable power control, initially 90 V for 40 minutes, followed by 250 V. The separated gel proteins were visualized throught Coomassie brilliant blue staining. 
RESULTS
Comparison of Protein Content in Venoms of Eight Snakes
One-Dimensional Gel Electrophoresis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) pattern of freeze dried O. hannah venom proteins is shown in Figure 1 . Two particularly condensed bands can be observed in two sites, in the 100 kDa region and in between 15 kDa and 20 kDa.
Two-Dimensional Gel Electrophoresis
Two-dimensional gel electrophoresis was performed on both fresh ( A comparison of the two gel images revealed that the fresh venom exhibited more spots than the freeze-dried one at similar protein load, though both were found to retain the same overall protein pattern as shown in regions between 50 and 250 kDa, as well as 15 and 20 kDa. Consequently, further 2DE on other venoms was performed on freeze-dried venoms as lyophilized conditions are found to be ideal for long-term storage of venom and maintenance of their activities.
Comparison of the 2DE images of the eight species of snakes revealed notable differences at the following levels: inter-family, inter-subfamily, inter-genus and inter-species.
Inter-family variation
The gel images of the Viperidae family venom ( Figure 3 -A to C) portrayed relatively more protein spots than the Elapidae family (Figure 3 -D to H). Numerous trains of spots were present in molecular mass region of 37 to 100 kDa in the viperid venoms (arrows in Figure 3 -A to C). Such spots were absent or faintly visible in the elapid venoms (arrows in Figure 3 -D to H).
Conversely, the gel images of the Elapidae family venom revealed that most of the protein spots were clustered in the lower right region, that is, the basic and lower molecular mass proteins (< 20 kDa) (as shown in zone I, Figure 3 -D to H). Exceptions were seen with O. hannah of the Elapidae family. The trains of spots were distinct in the upper region of the gel and the cluster of spots was not merely confined to the lower right region.
Inter-subfamily and inter-genus variation
There is a marked distinction between the 2DE gel images of the sea snake, Enhydrina schistose, which represents the Hydrophiinae subfamily and the four other species that belong to the Elapinae subfamily, Naja kaouthia, Naja sumatrana, Ophiophagus hannah and Bungarus fasciatus (Figure 3 -D to H) . Most protein spots of the sea snake venom are stacked together at the basic end, in pH 10 or more (Figure 3 -D) . On the other hand, the 2DE images of the four other species showed complex distribution of proteins with a wide range of pI (Figure 3 -E to H) .
To elucidate the venom variation at inter-genus level, comparisons were made among venoms of three genera representing the Crotalinae subfamily, namely Trimeresurus, Tropidolaemus and Calloselasma. Despite having protein spots spreading across all parts of the gel, venoms are distinctly characteristic. The 2DE gel images of Trimeresurus sumatranus (as displayed in zone I, Figure 3 -A) show heavy spotting of acidic proteins at molecular mass regions ranging between 15 and 37 kDa. In addition, the images of Tropidolaemus wagleri (as shown in zone I, Figure 3 -B) reveal greater number of spots at the basic pI range and in the molecular mass zone of approximately 70 to 80 kDa and 30 to 37 kDa; whereas the images of Calloselasma rhodostoma (zone I, Figure 3 -C) display abundant proteins crowded together at the basic pI range and in the molecular mass region of approximately 25 to 37 kDa.
Inter-species variation
The 2DE gel images of venoms from two species of the genus Naja namely, Naja kaouthia and Naja sumatrana were compared. Two differences were observed. Firstly, zone II in Figure 3 -F shows a horizontal streaking across pI 3-10 and between 15 to 20 kDa, which is not present in Figure 3 -E. In addition, Figure 3 -E displays abundant protein with basic pI and at approximately 15 kDa, as shown in zone II.
DISCUSSION
The protein content of the eight snake venoms in this study was between 30 and 80%. Generally, snake venoms are considered to contain mainly proteins, ranging from 70 to 90% (13) . However, average protein estimation from 49.8 to 96.4% has been previously reported by Hill and Mackessy (14) in their study of ten colubrid venom preparations using the similar dye-binding microassay technique. In a recent work by Mackessy et al. (15) on the brown tree snake, Boiga irregularis, the protein content of four categories -neonates, juveniles, adults and large adults -showed increasing percent of protein content, respectively, 47.5, 74.9, 80.5 and 90.2%. So that the age of the snake may affect the percentage of protein content found in the venom. A fact that cannot be corroborated by the current study, since the venom collected for each species was from a pool of snakes with unknown age group consisting of both juveniles and adults.
A comparison of the SDS-PAGE results with those from 2DE on O. hannah venom proved the superiority of the latter as bands at 100 kDa and between 15 and 20 kDa were clearly a combination of several proteins. Lately, 2DE has been the preferred technique used by several researchers to decipher the complexity of venoms due to its capability of separating a mixture of proteins based on two parameters, pI and MW (15) (16) (17) (18) (19) . Owing to the close proximity of molecular weights among toxins bearing different net charges, SDS-PAGE was not able to provide efficient differentiation (6) . Other than working directly on venom, the use of 2DE has also been relevant on serum of a person bitten by rattlesnake, revealing qualitative and quantitative changes in plasma proteins which are obscure in 1D (20) .
The use of freeze-dried versus fresh venom for 2DE profiling, as employed for O. hannah venom, revealed more spots in the first option, which indicates a possible denaturation upon lyophilization. This is not surprising, given that previous studies have demonstrated that freeze-drying and/or improper storage, such as exposure to light or autoproteolysis may cause protein degradation (21, 22) . A study utilizing polyacrylamide gel electrophoresis on viper and cobra venoms suggested that electrophorectic differences between fresh and newly freeze-dried venoms were insignificant (23) . Freeze-drying of venoms has been the choice for numerous snake venom traders and researchers as it has been proven that the overall lethality remained intact and it is possible to store the venom for many years. It is evident in this study that 2DE displayed differences that are not noticeable in SDS-PAGE electrophoresis, again expected of this technique; however, for the purpose of profiling the eight samples, freeze-dried venoms have been chosen since they permit storage for a longer period of time.
Two-dimensional gel electrophoresis of the eight venoms showed differences from one species to the other with minor similarities. This is an important characteristic that may serve as an auxiliary tool for morphological taxonomic drawbacks. The present showed that variation can be observed in the 2DE profile of the venoms from three viperid and five elapid snakes at several levels, namely: inter-family, inter-subfamily, inter-genus and inter-species. For instance, there is an obvious distinction between the 2DE profiles of two families: Elapidae and Viperidae. In the Viperidae family, the unique feature is the multiple trains of spots found chiefly at the neutral pI and in higher molecular mass ranges. In contrast, venoms from the Elapidae family revealed spots concentrated around the basic pI and in lower molecular mass ranges. These results agree with several studies regarding the biochemical composition of snake venom. Viperidae venoms are rich in enzymes that are typically observed in higher molecular mass regions (24) . On the other hand, Elapidae venoms are known to possess a multitude of basic polypeptides, mainly neurotoxins and cardiotoxins (cytotoxin) that correspond to the lower range of molecular mass (13, 25, 26) .
The aforementioned findings apply for all studied snake species, except for O. hannah that belongs to the Elapidae family. Its 2DE profile reveals a larger amount of protein spots in the higher molecular mass range compared to four other elapid snakes. This suggests that O. hannah venom presents higher enzymatic activity. This is confirmed by reports from Ohsaka (27) , who described that none of the Elapidae venoms (B. fasciatus and Naja spp.) exhibit hemorrhagic activity, apart from O. hannah venom that displays an hemorrhagic activity similar to that of Viperidae venoms.
Another obvious observation found in the 2DE profile for all eight species of snake venoms was the presence of trains of spots. This phenomenon can be due to proteins undergoing posttranslational modifications, such as glycosylation and phosphorylation in order to perform their molecular function (28) . These protein forms are present as trains of spots in 2DE profile as they vary slightly in their pI and molecular masses (24) .
Upon comparison of the profiles of five elapid snakes, an unusual pattern was observed in the profile of E. schistosa (true sea snake) compared to the other members of the Elapidae family. The E. schistosa 2DE profile indicates that most protein spots appear to "stack up" at the basic end of pI 10. This situation suggests that its venom is composed of highly basic protein with pI of at least 10. This unexpected observation may be justified by Toom et al. (29) using isoelectric focusing where it was found that E. schistosa venom was mostly composed of basic proteins with some amount of acidic proteins, but lacking neutral proteins. Therefore, 2DE profiles show a clear difference between the true sea snake and the terrestrial elapids. Morphologically the true sea snake displays some distinct characteristics in comparison to its terrestrial counterpart, as observed in its flattened paddle-like tail and absence of choanal process in the latter. However, it is reasonable to suggest that they belong to the same family as they share more common features both biochemically and morphologically.
In conclusion, 2DE evidently acts as the better tool in profiling proteins found in a complex mixture such as those of snake venoms in comparison to SDS-PAGE, though the latter remains vital as a rapid and inexpensive investigating technique (30) . Two-dimensional gel electrophoresis, due to its additional parameter of separation is more suitable for detecting minute differences between closely related samples. Moreover, the use of this technique on various freeze-dried snake venoms demonstrated to be an additional taxonomic tool, especially during moments when the conventional morphological keys are found to be insufficient for the task.
